Rhodobacter sphaeroides expresses two different flagellar systems, a subpolar flagellum (fla1) and multiple polar flagella (fla2). These structures are encoded by different sets of flagellar genes. The chemotactic control of the subpolar flagellum (fla1) is mediated by three of the six different CheY proteins (CheY6, CheY4, or CheY3). We show evidence that CheY1, CheY2, and CheY5 control the chemotactic behavior mediated by fla2 flagella and that RSP6099 encodes the fla2 FliM protein.
Many bacteria move by using flagella as the locomotive organelle. Flagella alternate between clockwise and counterclockwise rotation or in some cases between rotation and brief stop periods, which allow the bacterial cell to swim in a linear trajectory or to reorient (1, 14, 15) . Bacterial taxis is achieved by modifying the frequency of reorientation events. The bias in the frequency of reorientation is modified by the interaction of the phosphorylated form of the response regulator CheY-P with the switch protein (FliM), which is part of the motor-switch structure located at the base of the flagellum. The concentration of CheY-P is regulated by the chemotactic system (3) .
A limited number of bacteria possess dual flagellar systems and are able to express two different flagellum types: a polar flagellum for swimming and lateral flagella for swarming; these microorganisms include Vibrio parahaemolyticus (27) , Vibrio alginolyticus (8) , Aeromonas spp. (26) , Azospirillum brasilense (18) , Rhodospirillum centenum (17) , Helicobacter mustelae (19) , and Plesiomonas shigelloides (7) . The best-characterized examples are those that belong to the Vibrio genus. The ability to synthesize two different types of flagella allows these microorganisms to populate various niches (16) .
Rhodobacter sphaeroides is a facultative nonsulfur photosynthetic bacterium. Its genome sequence revealed many intriguing features related to motility and chemotaxis (13) , including the presence of two flagellar gene sets. The genes that belong to the first set (fla1) are expressed constitutively and allow the strong swimming previously reported for the WS8 wild-type strain (1, 10, 21, 22) . The genes of the second flagellar set are not expressed in the wild-type WS8 strain; however, strains that express it can be isolated. In contrast with the case for other dual-flagellum systems, the fla2 genes of R. sphaeroides produce polar flagella that allow swimming (21) .
Several chemotactic genes are also reiterated (two cheB genes, three cheR genes, four cheA and cheW genes, and six cheY genes). In spite of this, only some of these gene copies are required when the cell is swimming with the fla1 flagellum. For example, it has been reported that only CheY6 and either CheY3 or CheY4 are required for chemotaxis mediated by the fla1 flagellum (23) , despite the fact that the six cheY genes are expressed (6) . The presence of a second functional flagellum in R. sphaeroides suggests that some of the chemotactic genes could be involved in its tactic control. To test this hypothesis, we investigated the possible role of the six CheY proteins in swimming mediated by fla2 flagella.
Bacterial strains, plasmids, and oligonucleotides used in this work are listed in Table 1 . R. sphaeroides cell cultures were grown in liquid or solid Sistrom's minimal medium (29) as described previously (21) . Recombinant DNA techniques were carried out by standard procedures (2) .
Isolation of a fla2 ؉ strain. To test if swimming mediated by fla2 flagella could be influenced by any of the CheY proteins, we isolated a strain showing the fla2 ϩ phenotype from the SP13 strain (fleQ⌬::Kan), which lacks the master regulatory protein FleQ (22) , following a procedure described recently (21) . Swimming cells isolated from this strain represent those that express the fla2 flagella. The resultant strain, AM1, showed a swimming pattern similar to that of the SP18 fla2 ϩ strain, which has been previously described (21) (see Fig. S1 in the supplemental material). To confirm the fla2 ϩ phenotype, expression of the FlgE2 protein in the AM1 strain was detected by Western blotting (see Fig. S2 in the supplemental material). Since motility is not easily quantifiable in the stab cultures, we decided to test if swimming dependent on the fla2 flagellum could also be observed in swimming plates. As shown in Fig. 1 , the fla2 ϩ -dependent motility of the AM1 strain was also observed in this assay. Therefore, all further motility assays were performed using swimming plates. From these experiments we noticed differences in the patterns of attractant preference of the WS8 and AM1 strains. While, as previously reported (24), the WS8 strain produces increasingly larger swarms in succi-nate, acetate, and propionate (17.4 Ϯ 2.9, 23.7 Ϯ 3.5, and 27.7 Ϯ 3.8 mm, respectively), the AM1 strain shows no detectable preference for any of the attractants tested (23.4 Ϯ 1.1 mm) (Fig. 1A) .
Swimming behavior of the cheY mutants. To determine the role of the six CheY proteins in fla2-dependent swimming, we proceeded to individually mutate each cheY gene by inverse PCR using the oligonucleotides described in Table 1 , followed by the insertion of a nonpolar Spc r cassette (22) . The mutant alleles were subcloned into the suicide plasmid pJQ200mp18 (25). The resultant plasmids were then mobilized into R. sphaeroides by conjugation according to previously reported procedures (5). Replacement of each of the cheY alleles was done for the WS8 wild-type and AM1 strains. The Spc r Gm s transconjugants were selected, and the allelic exchange was confirmed by PCR. The expression and assembly of the fla2 or fla1 flagellum was verified for all the cheY mutants obtained from the AM1 or WS8 strain by detection of the FlgE2 protein and by observation of assembled filaments with an electron microscope (see Fig. S2 in the supplemental material; also data not shown). Analysis of the swimming phenotype produced by these mu- A different result was obtained when motility dependent on the fla2 system was analyzed for each of the cheY mutants; in this case, mutants lacking cheY1, cheY2, or cheY5 showed smaller swimming rings, suggesting a role of these genes in the chemotactic control of the fla2 flagellum (Fig. 1B) . This is the first time that a phenotype has been associated with the absence of CheY1, CheY2, and CheY5 or any other protein encoded by chemotaxis operon 1. Complementation experiments with each individual mutant with its respective wild-type allele (see Fig. S5 in the supplemental material) confirm that fla2 ϩ motility is controlled by the above-mentioned response regulators. Therefore, we propose that the CheY proteins encoded in operon 1 are involved in the chemotactic response mediated by fla2.
In addition, the effect of removing each of these response regulators in the AM1 strain was analyzed by challenging these mutants with three different attractants. For these assays, a 2-l aliquot of a stationary-phase culture was placed in quadruplicate on the surface of soft-agar (0.25%) swimming plates containing Sistrom's medium devoid of succinate and supplemented with 100 M of the attractant being tested (propionate, succinate, or acetate). After 48 h of incubation under aerobiosis at 30°C, swarm diameters were measured and compared ( Fig. 2 ; also shown are representative images of swimming rings of the six cheY mutants in the presence of the three attractants). Our results show that the absence of CheY1, -2, or -5 renders the AM1 cells deficient in the chemotactic response to the three attractants tested, whereas cells lacking CheY3, CheY4, and CheY6 respond normally to these attractants, as does the control AM1 strain.
From our results, it can be concluded that the multiple CheY proteins of R. sphaeroides function in two independent groups. Chemotaxis of the fla1 flagellum is controlled by CheY6 and either CheY3 or CheY4 (23) , while the fla2 flagellum is controlled by CheY1, CheY2, and CheY5. In addition, the different attractant preference patterns of the WS8 and AM1 strains suggest that these two functionally independent groups of CheY proteins are phosphorylated differentially. This could occur through differences in the affinities of the two sets of CheY proteins for the CheA proteins associated with the chemotactic receptors or through a complete separation of the two chemotactic pathways.
Identification of the fliM2 gene. Although most of the genes belonging to the fla2 system have been previously identified (21), fliM2 has not been described. A BLAST search against the genome of R. sphaeroides 2.4.1 using the fliM1 gene sequence as a query revealed the presence of an open reading frame (RSP6099) with low similarity, restricted to the C-terminal half of the hypothetical protein. The gene encoding this putative FliM protein appears to be in a monocistronic transcriptional unit (Fig. 3A) . A mutant strain of RSP6099 (AM2 strain) is nonmotile in either stab tubes or swimming plates (Fig. 3B) . Motility dependent on the fla2 flagellum of this strain can be restored by complementation with a plasmid expressing the wild-type gene (Fig. 3B) . Observation of negatively stained preparations of the AM2 strain revealed the presence of flagella, indicating that this gene is not absolutely indispensable for flagellar biosynthesis (data not shown). Although FliM is essential for flagellar biosynthesis in Escherichia coli (31) , in some species a fliM mutant is still able to assemble filaments with a lower efficiency than the wild-type strain (32) . A domain analysis of the protein sequence encoded by RSP6099 using the program CD-Search revealed a truncated FliM domain (see Fig. S3 in the supplemental material). This was due to the low similarity of the N terminus of RSP6099 to those of the FliM proteins that compose the FliM cluster of orthologous genes (COG1868) (see Fig. S3 in the supplemental material). In particular, the conserved amino acids involved in CheY binding (4, 12, 20) are absent in RSP6099 (Fig. 3C) , suggesting that this protein interacts with its cognate CheY proteins through a different signature. Interestingly, a search for other, similar putative FliM proteins revealed several candidates that also lack the amino acids relevant for CheY binding (see Fig. S4 in the supplemental material). These hypothetical proteins are found in other al- phaproteobacteria, mainly those belonging to the Roseobacter family. By the same token, it has been reported that a FliM homologue lacking the conventional CheY-binding motif was found in Vibrio alginolyticus (11) . In this work we show that the two sets of flagella in R. sphaeroides are controlled by independent sets of CheY response regulators that interact with FliM proteins that possibly belong to two different families.
